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Abstract
Progesterone is a potent drug for synchronization of the estrus and ovulation cycles in bovine. At present, the
estrus cycle of bovine is controlled by the insertion of progesterone-embedded silicone bands. The disadvantage
of nondegradable polymer inserts is to require for disposal of these bands after their use. The study currently
focuses on preparation of biodegradable progesterone-incorporated nanofiber for estrus synchronization. Three different
concentrations (1.2, 1.9, and 2.5 g) of progesterone-impregnated nanofibers were fabricated using electrospinning. The
spun membrane were characterized by scanning electron microscopy, X-ray diffraction, differential scanning calorimetry,
thermogravimetric analysis, and Fourier transform infrared spectroscopy. Uniform surface morphology, narrow
size distribution, and interaction between progesterone and zein were confirmed by SEM. FTIR spectroscopy
indicated miscibility and interaction between zein and progesterone. X-ray analysis indicated that the size of zein
crystallites increased with progesterone content in nanofibers. Significant differences in thermal behavior of
progesterone-impregnated nanofiber were observed by DSC. Cell viability studies of progesterone-loaded nanofiber were
examined using MTT assay. In vitro release experiment is to identify the suitable progesterone concentration for estrus
synchronization. This study confirms that progesterone-impregnated nanofibers are an ideal vehicle for progesterone
delivery for estrus synchronization of bovines.
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Background
Electrospinning is a technique used to form nanoscale fi-
bers. It is quite versatile for fabricating nanofibers from
various synthetic or natural polymers [1]. In literature
[2], reported functional electrospun nanofibrous com-
posite structures can also be produced by incorporating
functional additives in the fiber matrix or on the fiber
surface. The development of nanostructured systems for
the delivery and sustained release of molecules towards
specific targets represents a frontier area of nanoscience
and nanotechnology, with the possibility of contributing
substantially to advances in animal reproduction [3].
Improving delivery techniques that minimize toxicity of
drug has a significant effect on its efficacy. Overall, nano-
sized delivery systems enhance the therapeutic efficacy of
several bioactive molecules, including reproductive hor-
mones, by simply improving their pharmacokinetic and
pharmacodynamic properties [4]. These systems are able to
carry a wide variety of molecules enhancing their sustained
release, showing low systemic toxicity, allowing targeted
treatment, and avoiding premature inactivation [5, 6]. Elec-
trospun polymer-based fibers have been investigated for
providing different types of controlled drug release profiles,
such as immediate, delayed, sustained, and biphasic releases
[7, 8]. Among them, sustained drug release is gaining con-
siderable attention as a method of administering and main-
taining desired drug concentrations in the blood within a
specified therapeutic window [9–11].
Zein is a mixture of proteins with different molecular
weights in corn gluten. Apart from biodegradability and
biocompatibility, zein has low hydrophilicity, high elasti-
city, and film-forming capabilities, and it is considered a
potential raw material for bioengineering application [12].
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The artificial induction and synchronization of estrus
in production animals is critical to ensure a positive bal-
ance of the cost-benefit equation of the artificial insem-
ination related activities. The usual administration of
hormones must be very precise. The controlled hormone
release is a current technological challenge. One inter-
esting agent to be tested in such delivery system is the
progesterone, a steroid hormone naturally produced by
the corpus luteum of the ovaries of mammals and in-
volved in their pregnancy. In veterinary medicine, ex-
ogenous progesterone is used as a potent drug for
suppression of estrus and ovulation, making possible the
synchronization of the estrus and ovulation cycles in
livestock animals [13]. In this sense, the present study aims
to investigate the release characteristics of progesterone-
impregnated zein nanofiber obtained by electrospinning
process. In addition, the ability of progesterone-loaded zein
nanofibers to provide sustained drug release was studied.
Methods
Materials
Zein from corn and progesterone were purchased from
Sigma-Aldrich (USA). Ethanol 99.7% purity was supplied
by Merck
Progesterone-Loaded Nanofiber Fabrication
Zein was dissolved in ethanol and kept under vigorous
stirring overnight at room temperature. Various concen-
trations (1.2, 1.9, and 2.5 g) of progesterone were dis-
solved in ethanol for an hour at room temperature. Both
solutions were mixed for an hour. Progesterone-loaded
zein fibers prepared by electrospinning were spun using a
voltage of 24 kV, working distance of 12 cm, and feed rate
of 2 μL min−1. Electrospinning processes were carried
out under ambient conditions (24 ± 3 °C with relative
humidity 57 ± 4%) [14].
Characterization of Progesterone Loaded Zein Nanofiber
Scanning Electron Microscopy
Scanning electron microscopy is used to check the surface
morphology of three different concentrations (1.2, 1.9, and
2.5 g) of progesterone-incorporated nanofiber. The SEM
characterization of electrospun nanofiber was performed
using JEOL JSM-6480 V (accelerative voltage 20 kV)
scanning electron microscopy at the Nanotechnology
Department of SRM University, Chennai. The nanofiber
samples collected on the aluminum foil was peeled out
and then mounted on SEM sample holder using
graphite-impregnated adhesive conductive black carbon
tape, coated with platinum, and visualized under SEM
at various magnifications.
X-ray Diffraction
XRD patterns were generated from nonwoven fibrous
mat using a Rigaku D/Max ULTIMA 11 X-ray diffract-
ometer (Japan). The X-rays are generated by a cathode
ray tube filtered to produce monochromatic radiation di-
rected towards the sample. The interaction of the inci-
dent rays with the sample produces constructive
interference (and diffracted rays). The diffracted inten-
sity were recorded from 0 to 1400 at 2θ angle and the
pattern was recorded by Cu K radiation with 1.5418 Å
and graphite monochromatic filtering wave at a tube
voltage of 40 kV and tube current of 30 mA, and scan-
ning in the region of 0 to 70 at 6 min−1 with incident
beam.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements
(Mettler Toledo DSC 821e, Schwerzenbach, Switzerland)
were performed on samples of 5 mg in the range of −100
to 200 °C at a heating rate of 10 °C/min (N2 atmosphere
80 L/min). The glass transition temperature (Tg) was eval-
uated with the Stare-software version 6.01 (Mettler
Toledo, Schwerzenbach, Switzerland; calibration with in-
dium and zinc). Zein films were stored over silica gel or at
different relative humidities for 5 days prior to measure-
ment to achieve different water contents. The relative hu-
midity (r.h.) was controlled by saturated salt solutions
(KCH3COO 22% r.h.; NaCl 75% r.h.; ZnSO4 85% r.h.; pure
water 100% r.h.) The predicted Tg values were calculated
with the Gordon-Taylor-equation.
Fourier Transform Infrared Spectroscopy
Nanofiber functional groups were analyzed using FTIR
spectroscopy. A pinch of the sample was placed into the
sample holder and FT-IR spectra (Spectrum Rx1, Perkin
Elmer) were recorded in the range 4000–400 cm−1a to a
resolution of 4 cm−1.
MTT Viability Assay
Vero cells from ATCC are used for the MTT assay. One
hundred-microliter Vero cells at the concentration of
3 × 103 cells/well were seeded in 96-well plates containing
DMEM and incubated in 5% CO2 at 37 °C for 24 h. The
medium was changed after 1 h and 100 μL of different
concentrations (20,000, 10,000, 1000, 500, 250, and
100 μg/ml) of the 1.2 g progesterone-loaded nanofiber dis-
solved with PBS was added to the wells and incubated for
24 h at 37 °C in the CO2 incubator. One hundred micro-
liter of MTT (5 mg/mL) was added to the wells containing
cells and nanofibers of different concentrations. It was in-
cubated at 37 °C for 4 h. The medium was then removed
and 20 μL of DMSO was added to the wells. It was then
shaken and incubated at 37 °C for 15 min and the absorb-
ance was measured at 575 nm.
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In Vitro Release of Progesterone from Nanofiber
The in vitro release studies were performed at three dif-
ferent progesterone concentrations (1.2, 1.9, and 2.5 g)
of nanofibers in a shaker at 37 °C. A weighed quantity of
the fibers (20 mg) was suspended in PBS of pH 7.4.
Then, it was kept in a shaker for seven days at 37 °C.
The sample was withdrawn at regular one day intervals
up to 7 days and replaced with the same volume of
freshly prepared PBS pH 7.4. The withdrawn samples
were used for OD measurement at 237 nm by a UV-
visible spectrophotometer (Shimadzu, model UV-2601).
Results and Discussion
In this, the electrospinning of zein nanofibers was
mostly carried out by using ethanol system which re-
sulted in ribbon-like fiber morphology due to the rapid
mat formation of the fiber core because of the very fast
evaporation of the solvent [15, 16].
Characterization of Progesterone Loaded Zein Nanofiber
Scanning Electron Microscopy
The fibers were spun from the same polymer solution
and under the same spinning conditions with different
concentrations of progesterone and were characterized
by SEM. Zein nanofiber without progesterone had ribbon
morphology with smooth surfaces and uniform structures
(Fig. 1a) compared to the progesterone-impregnated nano-
fibers [17–19]. Progesterone was successfully impregnated
on zein nanofiber and formed beads in the fiber mesh; it is
clearly depicted in Fig. 1b. Among the three different con-
centrations, 1.2 g of progesterone-impregnated nanofiber
entraps hormone both within their polymeric structures
and within the minute interstitial spaces due to surface ad-
sorption. When the concentration of progesterone in-
creases, the nanofiber surface morphology was disrupted
due to the increase in polymer solution viscosity creating
difficulty in fiber formation; it is clearly depicted in
Fig. 1c, d. However, 1.2 g of progesterone-interlocked
fibers is suitable for sustained release of progesterone.
The diameter of nanofiber without progesterone was
around 170 nm. The average size of fiber diameter ranged
from 180 ± 12 to 278 ± 16 nm for 1.2 g progesterone-
impregnated zein nanofiber.
X-ray Diffraction Method
The XRD patterns of electrospun zein nanofibers and
different concentration of progesterone loaded nanofi-
bers are shown in Fig. 2. Nanofibers without progester-
one have shown two broad peaks having the maximum
at 2θ = 64.3441 (1.44787 Å) and at 77.3335 (1.23391 Å)
(Fig. 2a). Various concentrations of progesterone-loaded
nanofiber show similar diffraction patterns (Fig. 2b–d).
They are XRD patterns showing two broad halo diffrac-
tion patterns centered at 2θ = 63.2218 (1.25163 Å) and
at 76.4672 (1.32872 Å) which are very similar to the zein
nanofibers. Incorporation of progesterone at various
Fig. 1 Scanning electron micrographs of zein nanofibers incorporated with various concentrations of progesterone, a without progesterone.
Red arrows indicate the smooth and uniform surface morphology of nanofibers. Its shows not containing progesterone; b 1.2 g progesterone.
Yellow arrows indicate the progesterone impregnated in the nanofibers; c 1.9 g progesterone, d 2.5 g progesterone. Blue arrows indicate the
high concentration of progesterone disrupting the nanofiber structure
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concentrations did not affect the structural integrity of
the nanofibers as no major shifts were seen. Formation
of crystals is caused by the different extent of deform-
ation of the polymer molecules during fiber formation
by electrospinning [20–22]. The XRD pattern showed
the character of zein and there is no new peak which
can be confirmed that no chemical interaction between
zein and progesterone in the formed nanofiber.
Differential Scanning Calorimetry
DSC was done on the electrospun nanofiber and proges-
terone incorporated nanofibers in order to determine
the thermal behavior of the nanofibers. The glass transi-
tion temperature (Tg) of the different samples are pre-
sented in Fig. 3. The Tg of the nanofiber without
progesterone was observed at around 151 °C, which is in
close agreement with the Tg value reported in the litera-
ture for zein [23]. Different concentration of progesterone
loaded zein fiber exhibited a sharp endothermic peak cor-
responding to the melting point of 121 °C for 1.2 g of pro-
gesterone loaded fiber, 121 °C for 1.9 g of progesterone
loaded fiber, and 118 °C for 2.5 g progesterone loaded
fiber (Fig. 3b–d). The addition of progesterone in the zein
nanofibers caused a decrease in the Tg values which are
possibly due to the plasticizing effect of the incorporated
component [24–28]. Progesterone was integrated nicely
with the zein molecules and displayed a plasticizing effect
that increased the mobility of zein molecular chains.
FTIR
FTIR spectra of electrospun zein nanofibers and proges-
terone loaded nanofibers were shown in Fig. 4. The FTIR
spectrum of zein nanofibers and progesterone loaded
nanofibers were compared. The zein nanofiber spectrum
showed strong bands at 615.94, 1285.59, 1446.75, 1534.47,
1653.63, 2358.82, 2946.97, and 3298.66 cm−1 (Fig. 4a).
These bands correspond to the amide I and amide C–H
deformation and bond vibration, trisubstituted aromatic
ring, carboxylic acid, aromatic ring, C–O stretching, and
acetylated lignin, respectively, for pure zein nanofibers.
Different concentrations of progesterone-loaded nanofiber
showed similar bands at 633.34, 1103.54, 1284.21,
1448.78, 1653.10, 2928.51, and 3402.89 cm−1 (Fig. 4b–d).
These bands correspond to the amine N–H stretch,
heterocyclic amine and NH stretch, alkenes, ketones,
isocyanate aromatic functional group C–N stretch, and
Fig. 2 X-ray diffraction analysis of zein nanofibers incorporated with
various concentrations of progesterone: a without progesterone, b 1.2 g
progesterone, c 1.9 g progesterone, and d 2.5 g progesterone
Fig. 3 Differential scanning calorimetry results of nanofiber incorporated
with various concentrations of progesterone: a without progesterone,
b 1.2 g progesterone, c 1.9 g progesterone, and d 2.5 g progesterone
Fig. 4 Fourier transform infrared spectroscopy results of zein nanofiber
incorporated with various concentrations of progesterone: a without
progesterone, b 1.2 g progesterone, c 1.9 g progesterone, and
d 2.5 g progesterone
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skeletal C–C vibration functional group [29]. Meanwhile,
numerous peak sizes were reduced and some peaks totally
disappeared from the spectra of progesterone loaded
nanofibers compare to zein nanofiber spectra. These phe-
nomena verify the speculation that hydrogen bonding had
taken their roles in the formation of homogeneous com-
posite fibers [30–32].
MTT Assay
MTT assay was the most efficient, due to a less experi-
mental error. The graph in Fig. 5 depicts the results of
an MTT assay for different concentrations (20,000,
10,000, 1000, 500, 250, and 100 μg/mL) of the 1.2 g
progesterone-loaded nanofiber added into Vero cells.
Percent viability in the control sample and nearly 80%
viability in the 100 μg/mL fiber added cells. In each high
concentration, there was less reduction in the percentage
of viability of cells. Sixty percent of cells are viable in the
higher concentration of 20,000 μg/mL. Zein is one of the
best-understood biomacromolecules and classified as
Generally Recognized as Safe (GRAS) by the US Food
and Drug Administration [33].
In Vitro Release of Progesterone from Nanofiber
The percentage release of progesterone was also esti-
mated for different concentrations of progesterone
loaded and expressed in Fig. 6. Nanofibers loaded with
1.2 g of progesterone could release 87.28% of progester-
one by 7 days and 50% release was achieved by 2.8 days.
As the amount of progesterone loaded into nanofibers
increased, the half life also increased correspondingly.
This study confirms that 1.2 g progesterone loaded
zein nanofibers can be potentially used in controlled
delivering of progesterone, in livestock animals for
estrus synchronization.
Conclusions
The results of the current study confirm some miscibility
of progesterone on hydrophobic biopolymers according to
SEM, XRD, DSC, TGA, and FTIR. The electrospinning
can be appropriately used to encapsulate active agents in
biodegradable and biocompatible polymers, providing a
hormone release sustainably. The increases in the concen-
tration of progesterone affect the nanofiber size and
morphology was confirmed by SEM. Progesterone at
various concentrations did not affect the structural integ-
rity of the nanofibers. Progesterone was found to have the
effect of plasticizer when added to zein polymer. The elec-
trospinning can be appropriated used to encapsulate
active agents in biodegradable and biocompatible polymers,
providing a hormone release sustainably. This study clearly
indicated that 1.2 g progesterone-loaded zein nanofibers
can be potentially used in controlled delivering of proges-
terone, in livestock animals for estrus synchronization.
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Fig. 5 Graph of MTT assay after 24 h showing the rate of viability of
Vero cells after exposure to different concentrations (20,000, 10,000,
1000, 500, 250, and 100 μg/ml) of the progesterone-loaded nanofiber
Fig. 6 In vitro percentage progesterone release from zein nanofibers
at different days post encapsulation
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